Longitudinal weak gauge boson scattering has been well known as a powerful method to probe the underlying mechanism of the electroweak symmetry breaking sector of the Standard Model.
due to the general mixings with another Z ′ boson in the hidden sector and possibly with the photon as well. In particular, these mixings can lead to a partially strong scattering effect in the
L which can be probed at the Large Hadron Collider. We study this effect in a simple U (1) extension of the Standard Model recently suggested in the literature that includes both the symmetry breaking Higgs mechanism as well as the gauge invariant Stueckelberg mass terms for the two Abelian groups. Other types of Z ′ models are also briefly discussed. 
I. INTRODUCTION
The CERN Large Hadron Collider (LHC) will soon be reactivated after the year 2008 accident to uncover the mystery of electroweak symmetry breaking (EWSB). The ultimate goal of the LHC is to search for the Higgs boson and hopefully any new physics beyond the Standard Model (SM). Many grand-unified theories, extra-dimensional models as well as string-inspired models predict additional U(1) gauge groups in addition to the SM hypercharge U(1) Y . Therefore, at least one extra heavy neutral gauge boson Z ′ is generally expected in these theories. There have been many studies of Z ′ bosons at colliders [1] . The most direct channel to probe the existence of Z ′ boson is the Drell-Yan process, which will be identified unambiguously by a new resonance peak in the invariant mass distribution of the electron-positron or muon-antimuon pairs. The current best limit of this search is from the Tevatron [2] . The lower mass limits of a few popular Z ′ models range from 0.7−1.0 TeV.
One can also measure the branching ratios of the Z ′ to differentiate the underlying models, as was studied recently in Ref. [3] . At the LHC, it has been shown that one can probe a Z ′ boson up to about a few TeV. Thus, if the Z ′ boson is above a few TeV or has suppressed couplings to electrons and muons, the LHC may not be able to identify its presence easily.
In this work, we use the longitudinal vector boson scattering [4] [5] [6] to probe the gauge sector. We show that if the SM Z boson mixes with a heavy enough Z ′ boson of any origin such that the gauge coupling of the SM Z boson to a pair of W W is modified, the longitudinal vector boson scattering will show an appreciable rise in scattering cross sections.
This can be understood as follows. Consider the SM first for the channel W [8, 9] or the Stueckelberg type [10] [11] [12] or the combination of both [13] . We shall consider mainly the Stueckelberg model and comment briefly on the kinetic mixing and a few other types of Z ′ models.
The organization of this paper is as follows. In the next section, we describe the Stueckelberg Z ′ model and how the mixing could lead to the modified trilinear and quartic gauge couplings as well as the gauge-Higgs couplings which are relevant to the W L W L scatterings.
We also work out a mass relation between Z, Z ′ and W arising from the custodial symmetry of the model. This mass relation is crucial for the restoration of unitarity at very high energy in the W L W L scattering amplitudes. In Sec. III, we first remind the readers of some details about various contributions to the scattering amplitude of W
L with modified couplings in the Stueckelberg Z ′ model as well as its high energy limits will be presented. We present our numerical results in Sec. IV and conclude in Sec. V.
II. THE STUECKELBERG EXTENSION OF STANDARD MODEL
The Stueckelberg extension of the SM (StSM) [10] is obtained by adding a hidden sector associated with an extra U(1) C interaction, under which the SM particles are neutral.
Assuming there is no kinetic mixing between the two U(1)'s, the Lagrangian describing the
where W a µν (a = 1, 2, 3), B µν , and C µν are the field strength tensors of the gauge fields W a µ , B µ , and C µ , respectively; f denotes a SM fermion, while χ is a Dirac fermion in the hidden sector which may play a role as milli-charged dark matter in the Universe [13, 14] and M χ is its mass; Φ is the SM Higgs doublet; and σ is the Stueckelberg axion scalar. The covariant
T , after the EWSB Φ = v/ √ 2 with a vacuum expectation value v ≃ 246 GeV, is given by
One can easily show that the determinant of M 2 Stu is zero, indicating the existence of at least one zero eigenvalue to be identified as the photon mass. A similarity transformation can bring the mass matrix M 2 Stu into a diagonal form
In this model, the couplings between the neutral gauge bosons and the Higgs are given
Feynman rules for the HV V and HHV V couplings can be read off easily from Eq. (11) . We note that due to Eq. (9), there are no Hγγ, HγZ and HγZ ′ couplings from the mixings as one should expect by the fact that photon must couple to the fields with nonzero electric charges at tree level.
The modified trilinear and quartic pure gauge couplings in this model can be derived in a straightforward way, and they are given by
where
B. Mass Relation
In SM, we have
The custodial SU(2) symmetry protects the following tree level symmetry breaking mass
from receiving large radiative corrections. The above mass relation is essential for the cancellation of the bad E 4 terms in the W W scattering amplitude in order to maintain unitarity at high energy. In StSM, a similar mass relation among M W , M Z and M Z ′ exists in order to tame the bad high energy terms and it is given by
In the custodial symmetry limit of g Y → 0, it is easy to show that
. Hence in this model, the W + , W − , Z form a triplet of the custodial SU L (2)× SU R (2) just like the case in SM, while Z ′ transforms as a singlet. The mass relation Eq.
(16) is trivially satisfied by setting θ (and hence ψ from Eq. (10)) to be zero.
Another useful formula for the Z mass is
In Fig. 1 , we plot the contour for the Z mass as a function of ǫ and M Z ′ using the above formula. Input parameters for this plot are M W , α em (M Z ) and the Fermi constant G F . coefficients. We will show this more explicitly in the next section.
Other quantities are fixed by
v = √ 2G F −1/2 , g 2 = 2M W /v
C. Neutral Current Interactions
The interactions of fermions with the neutral gauge bosons before rotating to the mass eigenbasis are given by
where f denotes the SM fermions. The neutral gauge fields are rotated into the mass eigenbasis using Eq. (4), and the above neutral current interaction becomes where ǫ
In the SM limit, these couplings reduce to the usual formulas
in terms of the Weinberg angle θ W . Since the couplings of the StSM in Eq. (21) could shift from those of the SM in Eq. (22), we will examine in the next subsection their validity in the large tan φ scenario by using the measured electroweak quantities in Z decays.
D. Z decays in the StSM of large tan φ
To be specific, let's first consider the decay of Z → e + e − as an example. As for the inputs, we take M Z ′ = 1 TeV and sin 2 θ = e 2 /g 2 2 = 0.229 in Eq. (9) for the StSM, while sin 2 θ W = 0.231 for the SM is adopted from PDG [15] . We note that sin 2 θ = sin 2 θ W is only valid for small tan φ. With these inputs and using Eqs. (10) and (16), we find ǫ = 2 and tan ψ = 0.008. Thus we obtain the ratio of ǫ
According to this simple calculation, the 8% change by the term ǫ csc θ tan ψ compared to 1
for the large tan φ scenario considered in our work, is alleviated by the prefactor, such that ǫ e R Z does not deviate too much from its SM value. In the same way, the deviation of ǫ
We further check other quantities like Γ Z , Γ(had), Γ(ℓ
in the PDG, and they all present an O(1%) modification compared to their SM values which are tolerable for the tree level calculation (See Table I ). We note that the quantity A e is very sensitive to the values of sin 2 θ W in different schemes, and so we ignore A e in our tree level treatment. As a concrete example, consider the scattering of W
, and so on. In the high energy limit, the amplitudes for the 4-point seagull diagram and the γ, Z exchange diagrams in s-and t-channels are given by
where A SM x with x = s or t arises from the propagator factor and is given by
Note that each of these individual amplitudes contains terms proportional to
W where E is the CM energy, as one would naively expect from the form of the longitudinal polarization of the W boson. However, the gauge structure of the SM guarantees the cancellation of the E 4 /M 4 W terms. All one is left with are the E 2 /M 2 W terms in the high energy limit. The sum of the amplitudes of the pure gauge diagrams iM
is therefore
where the custodial SU(2) mass relation
Z cos 2 θ W has been used. On the other hand, the sum of the two diagrams from Higgs exchange is 
Consider first the limit of
Z where we have
In this limit, the sum of the pure gauge diagrams iM
where the mass relation Eq. (16) has been used. This limit is the same as the SM and thus when combined with the Higgs contribution the total amplitude is well behaved at high energy.
Next consider the intermediate range of
In this limit the sum of all gauge diagrams is given by 
Z ′ , at which the scattering amplitude factorizes and the cross section is proportional to Γ
in the StSM reviewed in the previous section can be easily derived. It can be expressed as
where the longitudinal polarization vector ǫ
. Formulas for the other W W scattering processes can be worked out straightforwardly as well. Since their expressions are not illuminating, we will not present them here. With these scattering amplitudes in hand, we can then fold them with the parton distribution functions as well as the W W luminosity to obtain the scattering cross sections for pp → W W jj + X at the LHC. We note that the enhancement due to the incomplete cancellation is not at all obvious because of the reduction in the parton probabilities at high x. Detailed numerical studies are required, which we will turn to in the next section.
To study unitarity constraints, we need to project out the partial wave coefficients a I J for different channels with total angular momentum J and isospin I from the above scattering amplitudes. The partial wave coefficients for the dominant S-and P -wave scatterings are given by
Unitarity requires |ℜe a 
IV. NUMERICAL RESULTS
In Fig. 2 , we plot the partial wave coefficients a and 17.59 respectively. These deviations from the SM results are due to the incomplete cancellation of the bad high energy terms that we have alluded to erstwhile. However, the growth in the partial wave coefficients do not post any threats to the unitarity limit of 0.5 even for such a large ǫ scenario. We note that this large angle scenario is motivated by the contour plot in Fig. 1 which suggests that large ǫ values are possible provided that the Z ′ mass is also large so as not to upset the experimental value of the Z mass. It is therefore quite interesting to repeat the global fit analysis done in [11] where a small ǫ was assumed.
We would like to relegate such analysis to a future work. In Fig. 3 , we plot the total cross sections for the two most relevant processes for the large ǫ scenario. In Fig. 4 , we plot the differential cross sections for
as a function of the invariant mass of the W W boson pair by folding with the parton luminosities at the LHC. Again, the legends for the left and right panels of these plots are the same as those in Fig. 2 . Due to the suppression from the parton luminosities at large x, the enhancement seen from the partial wave coefficients of Fig. 2 is less obvious at the hadronic level.
In Table II , we present the event rates for the various longitudinal weak gauge boson 
Subprocess SM
M Z ′ = 300 GeV ǫ = 0.77 for the large ǫ scenario might not be realistic, they are sufficient to demonstrate W L W L scatterings as a sensitive probe to both the pure gauge structure as well as the electroweak symmetry breaking mechanism. Thus, it should be interesting to study if this scenario is consistent with existing experimental constraints from LEP and Tevatron by performing the global fits for the Stueckelberg extension of the SM with or without the kinetic mixing term.
In many extensions of the SM, other types of extra U(1) gauge groups are possible. These include sequential Z ′ , superstring Z ′ [17, 18] and various types of Z ′ based on E 6 unification [19] . Data from electroweak precision tests, LEP II and CDF/D0 had put stringent constraints on both the mixing angle as well as the Z ′ mass for these models [19] . Thus they are similar to the StSM with small mixing angles that we have also studied in this work.
Hence there should be no difference from the SM for the longitudinal W W scatterings in these models.
Before closing, we note that an extra W ′ mixing with the SM W may also lead to modifications of the trilinear and quartic couplings in the pure gauge sector as well as the hW W couplings. They may give rise to enhancement in the other channels like W
L which are shown in our analysis to have no difference from the SM results for the StSM even with large mixing angles. Thus in general one should bear in mind that scatterings of longitudinal weak gauge bosons are not only sensitive to the underlying electroweak symmetry breaking mechanism, but also to the pure gauge sector structure.
